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IMAGING ELLIPSOMETRY 

Field of the Invention 

The present invention relates to ellipsometry. More particularly, the present 
invention pertains to imaging ellipsometry. 

Background of the Invention 

Ellipsometry is an optical technique that uses polarized light to probe the 
dielectric properties of a sample. The most common application of ellipsometry is 
the analysis of very thin films. Through the analysis of the state of polarization of 
the light that interacts with the sample, ellipsometry can yield information about 
such films. For example, depending on what is already known about the sample, the 
technique can probe a range of properties including the layer thickness, morphology, 
or chemical composition. 

Generally, optical ellipsometry can be defined as the measurement of the p { 

o 

state of polarized light waves. An ellipsometer measures the changes in the £ 



polarization state of light when it interacts with a sample. The most common g tn >~) 
ellipsometer configuration is a reflection ellipsometer, although transmission o ro 
ellipsometers are sometime used. If linearly polarized light of a known orientation m ^ rj 
is reflected or transmitted at oblique incidence from a sample surface, then the 

o 

resultant light becomes elliptically polarized. The shape and orientation of the 
ellipse depend on the angle of incidence, the direction of the polarization of the 
incident light, the wavelength of the incident light, and the Fresnel properties of the 
surface. The polarization of the light is measured for use in determining 
characteristics of the sample. For example, in one conventional null ellipsometer, 
the polarization of the reflected light can be measured with a quarter-wave plate 
followed by an analyzer. The orientation of the quarter-wave plate and the analyzer 
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are varied until no light passes though the analyzer, i.e., a null is attained. From 
these orientations and the direction of polarization of the incident light, a description 
of the state of polarization of the light reflected from the surface can be calculated 
and sample properties deduced. 

Two characteristics of ellipsometry make its use particularly attractive. First, 
it is a nondestructive technique, such that it is suitable for in situ observation. 
Second, the technique is extremely sensitive. For example, it can measure small 
changes of a film down to sub-monolayer of atoms or molecules. For these reasons, 
ellipsometry has been used in physics, chemistry, materials science, biology, 
metallurgical engineering, biomedical engineering, etc. 

As mentioned above, one important application of ellipsometry is to study 
thin films, e.g., in the fabrication of integrated circuits. In the context of 
ellipsometry, a thin film is one that ranges from essentially zero thickness to several 
thousand Angstroms, although this range can be extended in many cases. The 
sensitivity of an ellipsometer is such that a change in film thickness of a few 
Angstroms can usually be detected. From the measurement of changes in the 
polarization state of light when it is reflected from a sample, an ellipsometer can 
measure the refractive index and the thickness of thin films, e.g., semi-transparent 
thin films. The ellipsometer relies on the fact that the reflection at a material 
interface changes the polarization of the incident light according to the index of 
refraction of the interface materials. In addition, the polarization and overall phase 
of the incident light is changed depending on the refractive index of the film 
material as well as its thickness. 

Generally, for example, a conventional reflection ellipsometer apparatus, 
such as shown in Figure 1 , includes a polarizer arm 12 and an analyzer arm 14. The 
polarizer arm 12 includes a light source 14 such as a laser (commonly a 632.8 nm 
helium/neon laser or a 650-850 nm semiconductor diode laser) and a polarizer 16 
which provides a state of polarization for the incident light 1 8. The polarization of 
the incident light may vary from linearly polarized light to elliptically polarized light 



to circularly polarized light. The incident light 1 8 is reflected off the sample 10 or 
layer of interest and then analyzed with the analyzer arm 14 of the ellipsometer 
apparatus. The polarizer arm 12 of the ellipsometer apparatus produces the polarized 
light 1 8 and orients the incident light 1 8 at an angle with respect to a sample plane 

5 11 of the sample 10 to be analyzed, e.g., at some angle such as 20 degrees with 
respect to the sample plane 11 or 70 degrees with respect to the sample normal. 

The reflected light 20 is examined by components of the analyzer arm 14, 
e.g., components that are also oriented at the same fixed angle with respect to the 
sample plane 11 of the sample 10. For example, the analyzer arm 14 may include a 

10 quarter wave plate 22, an analyzer 24 (e.g., a polarizer generally crossed with the 
polarizer 16 of the polarizer arm 12), and a detector 26. To measure the polarization 
of the reflected light 20, the operator may change the angle of one or more of the 
polarizer 16, analyzer 24, or quarter wave plate 22 until a minimal signal is detected. 
For example, the minimum signal is detected if the light 20 reflected by the sample 

15 10 is linearly polarized, while the analyzer 24 is set so that only light with a 

polarization which is perpendicular to the incoming polarization is allowed to pass. 
The angle of the analyzer 24 is therefore related to the direction of polarization of 
the reflected light 20 if the minimum condition is satisfied. The instrument is 
"tuned" to this null (e.g., generally automatically under computer control), and the 

20 positions of the polarizer 16, the analyzer 24, and the incident angle 13 of the light 
relative to the sample plane 1 1 of the sample 10 are used to calculate the 
fundamental quantities of ellipsometry: the so called Psi, delta Q¥, A) pair given by: 

— = tan*F(e' A ) 
rs 

where r p and r s are the complex Fresnel reflection coefficients for the transverse 
25 magnetic and transverse electrical waves of the polarized light, respectively. From 
the ellipsometry pair OF, A), the film thickness (t) and index of refraction (n) can be 
determined. It will be recognized that various ways of analyzing the reflected light 
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may be possible. For example, one alternative is to vary the angle of the quarter 
wave plate and analyzer to collect polarization information. 

Although many different types of ellipsometers exist, they have various 
shortcomings. For example, many are not suitable for characterizing samples that 

5 have very small transverse features. The smallest spot a conventional ellipsometer 
can measure is determined by the beam size, usually on the order of hundreds of 
microns. This essentially limits its application to samples with large and uniform 
interface characteristics. Resolution of an image produced by imaging ellipsometers 
is typically inadequate and improvement is necessary. 

10 Advances in microelectronic fabrication are rapidly surpassing current 

capabilities and metrology. In order to enable future generations of 
microelectronics, some specific metrology capabilities must be developed. One of 
the key challenges is to measure the properties of complex layers of extremely thin 
films or submicron lateral dimensions. 

15 Several systems have been developed to attack the above shortcomings. For 

example, to resolve the suitability of ellipsometers to characterize samples that have 
small transverse features, a microscope objective lens in a conventional ellipsometer 
has been used. For example, the microscope objective lens has been the basis for 
several ellipsometry methods including spatially resolved ellipsometry (SRE), image 

20 scanning ellipsometry (ISE), and dynamic imaging micro-ellipsometry (DIM). 
However, such methods and systems also have drawbacks. 

With respect to spatially resolved ellipsometry, such techniques can measure 
small features, but they are typically too time consuming for many applications 
because the sample has to be measured point by point. Such a time consuming 

25 process makes this system highly undesirable for many applications. 

With respect to ellipsometry systems that perform image scanning 
ellipsometry and dynamic imaging micro-ellipsometry, such systems usually use an 
imaging apparatus in an arm of a conventional ellipsometer to image the sample at a 
large incident angle. Such systems lead to different magnifications in two 
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directions, which result in a distortion of an image being produced. A scanning 
mechanism or other complicated optical system is thus required to correct such 
distortion. Further, the slant or incident angle of the light relative to the sample 
plane also limits the use of the highest numerical aperture objective lenses, which, in 
5 turn, limits the achievable resolution of such systems. 

Summary of the Invention 

Imaging ellipsometry according to the present invention is presented which 
characterize a sample with high resolution. The imaging ellipsometry described 

10 herein can perform accurate measurements with high speed and high resolution 

using a very simplified apparatus. Generally, to achieve high resolution and form an 
image, an objective lens (e.g., a high numerical aperture objective lens) is used. 
Polarization effects due to Fresnel reflection with a high numerical aperture 
objective lens are used as a measurement signal in the imaging ellipsometry 

1 5 according to the present invention. 

An ellipsometry apparatus according to the present invention includes an 
objective lens having a focal plane at which a sample plane of a sample is 
positioned. An illumination source provides incident light normal to the sample 
plane. The incident light includes linearly polarized light incident on the objective 

20 lens. The objective lens focuses the incident light onto the sample. At least a 

portion of the focused incident polarized light is reflected by the sample resulting in 
reflected light. A spatial filter modifies at least a portion of the incident light and 
the reflected light. An analyzer portion is used to generate polarization information 
based on the reflected light. 

25 In various embodiments of the apparatus, the illumination source may be a 

fiber illuminator, the objective lens may be a high numerical aperture objective lens 
having a numerical aperture in the range of 0.5 to less than 1, and the spatial filter 
may be positioned adjacent the objective lens in an actual plane of the exit pupil 
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thereof or may be positioned in a conjugate plane of the exit pupil of the objective 
lens. 

In another embodiment of the apparatus, the analyzer portion includes a 
rotatable quarter wave plate, an analyzer, a lens, and a detector, e.g., a charge 

5 coupled device array detector. The rotatable quarter wave plate, the analyzer, and 
the lens are positioned such that the reflected light passes through the rotatable 
quarter wave plate and the analyzer. Further, the reflected light is focused onto the 
detector by the lens. 

In another embodiment of the invention, the apparatus further comprises a 

10 beam splitter that passes the linearly polarized light normal to the focal plane and 
incident on the objective lens. Further, the beam splitter diverts the reflected light to 
the analyzer portion. 

An ellipsometry method according to the present invention for use in 
providing an image of at least a portion of a sample is also described. The method 

15 includes providing an objective lens having a focal plane at which a sample plane of 
the sample is positioned. A linearly polarized light normal to the sample plane and 
incident on the objective lens is further provided. The incident linearly polarized 
light is focused onto the sample and at least a portion of the focused incident 
polarized light is reflected by the sample, resulting in reflected light. At least a 

20 portion of the incident light or the reflected light is spatially filtered and polarization 
information is generated based on the reflected light. 

In one embodiment of the method, the linearly polarized light normal to the 
sample plane incident on the objective lens is provided by providing light from an 
extended source, collimating the light, and linearly polarizing the collirnated light. 

25 In other embodiments of the method, the high numerical aperture objective lens may 
have a numerical aperture in the range of 0.5 to less than 1 and spatial filtering may 
use a spatial filter at an actual plane of an exit pupil of the objective lens or a spatial 
filter at a conjugate plane of an exit pupil of the objective lens. 



6 



In another embodiment of the method, the polarization information is 
generated by passing the reflected light through an analyzer portion comprising at 
least a rotatable quarter wave plate and an analyzer. At least the rotatable quarter 
wave plate is rotated to at least two angular positions. At least two polarization 

5 images corresponding to the at least two angular positions are detected. 

In additional embodiments for the generation of polarization information, an 
image may be generated using a ratio or difference of the at least two polarization 
images. Further, the analyzer may also be rotated to one or more positions with 
corresponding additional polarization images being used for the generation of the 

10 polarization information. 

In yet a further embodiment, the method may include providing the linearly 
polarized light normal to the sample plane incident on the objective lens with 
polarization states that are at ±45° with respect to an incident plane of the linearly 
polarized light using a polarization converter. Further, generation of the polarization 

1 5 information based on the reflected light may be performed using a polarization 
device matched to the polarization converter. 

In yet another embodiment of the method, the spatial filtering may be 
provided by using a spatial filter configured such that the polarization state of the 
light that is modified thereby is aligned at 45° with respect to an incident plane of 

20 the linearly polarized light incident on the objective lens. In such an embodiment, 
the spatial filter may be synchronously rotated, with a rotatable quarter wave plate 
and an analyzer to generate a plurality of polarization images for use in generating 
polarization information. 

Yet further, another embodiment of the method according to the present 

25 invention includes providing linearly polarized light by providing light such that an 
illumination line is focused on the sample. The illumination line is swept across the 
sample. 

The above summary of the present invention is not intended to describe each 
embodiment or every implementation of the present invention. Advantages, 



together with a more complete understanding of the invention, will become apparent 
and appreciated by referring to the following detailed description and claims taken 
in conjunction with the accompanying drawings. 

Brief Description of the Drawings 

Figure 1 shows a conventional reflection ellipsometer wherein incident light 
is provided at an oblique angle relative to the sample plane of a sample for reflection 
therefrom. 

Figure 2 is a general diagram illustrating imaging ellipsometry according to 
the present invention. 

Figure 3 is an illustrative diagram of one embodiment of an imaging 
ellipsometer apparatus using imaging ellipsometry as illustrated in Figure 2 
according to the present invention. 

Figure 4 is an alternate configuration of an imaging ellipsometer apparatus 
according to the present invention. 

Figure 5 is another alternate embodiment of an imaging ellipsometer 
apparatus according to the present invention. 

Figure 6 is yet another alternate embodiment of an imaging ellipsometer 
apparatus according to the present invention. 

Figure 7 is one illustrative embodiment of a spatial filter, e.g., an aperture 
mask, for use in an imaging ellipsometer apparatus according to the present 
invention. 

Figure 8 is an alternate illustrative embodiment of a spatial filter for use in 
an imaging ellipsometer apparatus according to the present invention. 

Figure 9 is a diagram showing an illustrative embodiment of a polarization 
converter for use in the imaging ellipsometer apparatus described with reference to 
Figure 6. 
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Figure 10 is a diagram illustrating another alternate embodiment of a spatial 
filter for use in an imaging ellipsometer apparatus according to the present 
invention. 

Figure 1 1 is an illustration of an illumination technique for use in an imaging 
5 ellipsometer apparatus according to the present invention. 

Detailed Description of the Embodiments 

Imaging ellipsometry according to the present invention shall be generally 
described with reference to Figure 2. Thereafter, various illustrative embodiments 

10 of exemplary imaging ellipsometers and components thereof shall be described in 
further detail with reference to Figures 3-11. 

Figure 2 shows an imaging ellipsometer apparatus 30 for use in forming an 
image, e.g., a high resolution image. An objective lens 32, e.g., a high numerical 
aperture objective lens, positioned orthogonal to and with its center on the optical 

15 axis 37, is used to focus linearly polarized light 3 1 onto a sample plane 35 of a 

sample 36 located at the focal plane 34 of the objective lens 32. In other words, the 
sample plane 35 and the focal plane 34 coincide. A sample plane 35 refers to a 
surface of the sample 36 to be analyzed. The incident light 31 is normal to the 
sample plane 35, i.e., the incident plane of the light is normal to the sample plane 

20 35. The polarization effects due to the Fresnel reflection with the objective lens 32, 
e.g., a high numerical aperture objective lens, are used as a measurement signal in 
the imaging ellipsometer apparatus 30 according to the present invention. 

An illumination source that illuminates the objective lens 32 provides the 
incident linearly polarized light 31 normal to the sample plane 35 and thus normal to 

25 objective lens 32 which is generally positioned in a parallel manner to sample plane 
35. The objective lens 32 focuses such incident linearly polarized light 31 onto the 
sample 36. The focused incident light 33 is reflected, at least in part, as reflected 
light 40 and collected by the objective lens 32. 
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A suitable spatial filter 38 positioned in a plane 39 of the exit pupil of the 
objective lens 32, e.g., the actual plane 39 of the exit pupil or a conjugate plane of 
the exit pupil of the objective lens 32 as described further below, is used to extract 
phase information with regard to the polarization effects due to Fresnel reflection 

5 with the high numerical aperture objective lens 32. The spatial filter 38 which 

modifies the incident light 3 1 from the illumination source and/or the reflected light 
40 is used with an analyzer apparatus (not shown in Figure 2) such as a rotatable 
quarter wave plate and an analyzer in the path of the reflected light 40 to attain 
information about the sample 36. 

10 Due to the symmetry of the phase distribution of the reflected light 40 in the 

absence of a spatial filter 38, the use of a spatial filter 38 is required according to the 
present invention. However, any suitable spatial filter 38 that modifies the light can 
be used. For example, a blocking spatial filter or a spatial filter that changes 
polarization state, such as a half wave plate, may be used to spatially filter the light 

1 5 according to the present invention. 

By illuminating the objective lens 32 with incident light 31 from the 
illumination source having an incident plane normal to the sample plane 35, a high 
numerical aperture objective lens 32 may be used according to the present invention 
as the objective lens 32 is normal to the sample plane and can be positioned very 

20 close thereto. For example, at high numerical apertures, the objective lens 32 can be 
positioned within millimeters of the sample 36. As used herein, preferably, the high 
numerical aperture objective lens 32 has a numerical aperture in the range of 0.5 to 
less than 1 . More preferably, the numerical aperture is in the range of 0.8 to less 
than 1 . The higher the numerical aperture, the higher the resolution of an image 

25 produced according to the ellipsometry technique of the present invention. Further, 
the higher the numerical aperture, the stronger the ellipsometric signal provided for 
detection by the ellipsometry apparatus 30. 

The ellipsometry apparatus 30 generally shown and described with reference 
to Figure 2 can be extended to a variety of imaging ellipsometer configurations. 
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Although many of these configurations are described herein with reference to 
Figures 3-11, such general concepts are not limited to only such imaging 
ellipsometer apparatus. Various other types of apparatus, such as those shown 
herein with additional components and/or component substitutions may also benefit 
from the concepts described herein as would be contemplated by one skilled in the 
art and in accordance with the scope of the appended claims. 

Figure 3 is one illustrative diagram showing one exemplary embodiment of 
an imaging ellipsometer apparatus 50 according to the present invention. The 
imaging ellipsometer apparatus 50 includes a polarizer arm 52 and an analyzer arm 
54. The polarizer arm 52 suitably aligned along optical axis 55 includes an 
illumination source 56 for providing collimated linearly polarized light for passage 
through beam splitter 68 and illumination of objective lens 70 after modification 
thereof by spatial filter 74. The objective lens 70 focuses the incident linearly 
polarized light from illumination source 56 onto thin film 78 of sample 76. The 
incident plane of the light illuminating the objective lens 70 is normal to a sample 
plane 75 of the film 78 positioned at the focal plane 79 of the objective lens 70. 

Incident light reflected from the sample 76, i.e., reflected light, is collected 
by the objective lens 70 and recollimated thereby. The reflected light is then 
diverted by the beam splitter 68 to the analyzer arm 54. 

The analyzer arm 54 includes a quarter wave plate 80, an analyzer 82, a lens 
84, and a detector 86 aligned along optical axis 91 . A computer apparatus 90 is used 
to process polarization information detected by detector 86 of the analyzer arm 54 to 
provide image information with respect to sample 76. The rotatable quarter wave 
plate 80, the analyzer 82, and the lens 84 are suitably positioned along the optical 
axis 91 such that the reflected light representative of image information which is 
diverted by the beam splitter 68 passes through the rotatable quarter wave plate and 
analyzer and is focused onto the detector 86 by the lens 84. 

The sample 76 may be any structure that can be imaged according to the 
present invention. For example, the sample 76 may include a substrate portion 77 
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having thin film 78 provided thereon. Further, for example, the thin film 78 may be 
a silicon dioxide film, a multi-layer film, or any other thin films used in 
semiconductor fabrication processes. However, the present invention is not limited 
to use with semiconductor fabrication applications but may be important to other 

5 medical, material science, or biological science applications as well as any other 
imaging applications. 

The illumination source 56 may include any elements suitable for providing 
incident linearly polarized light normal to the sample plane 75 of the sample 76 
positioned at the focal plane 79 of the objective lens 70. For example, the light 

10 source may be of any suitable wavelengths and may be a laser beam or any other 
light source. 

In the embodiment of the imaging ellipsometer apparatus 50 shown in Figure 
3, the illumination source 56 includes an extended light source, preferably a fiber 
illuminator including a light source 58 and a fiber bundle 60. One will recognize 

15 that a single spot source may also be used according to the present invention with 
corresponding imaging of a single spot. However, imaging of multiple spots is 
preferred using a fiber illuminator 57 as the illumination source 56. 

In the illumination source 56, light from the fiber bundle 60 is provided to 
the collimating lens 64 via a pin hole opening 62 at the optical axis 55 in an aperture 

20 blocking structure 63. The pin hole opening 62 is used to limit the size of the field 
of view of the imaging ellipsometer apparatus 50. The pin hole opening 62 may be 
positioned such the structure 63 is in direct contact with the fiber bundle 60 or may 
be positioned a suitable distance therefrom. Plane 67 is representative of the image 
plane of the pin hole opening 62 and is located at the focal plane 79 of the objective 

25 lens 70. 

The light from the fiber bundle 60 is collimated by the collimating lens 64 
and linearly polarized by polarizer 66 of the illumination source 56 of the polarizer 
arm 52. Accordingly, the linearly polarized light from the illumination source 56 
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passes through beam splitter 68 and is modified by spatial filter 74, e.g., an aperture 
mask, prior to illumination of objective lens 70. 

The spatial filter 74 is necessary to extract polarization information. Without 
a spatial filter 74, i.e., when the whole aperture is used, information on phase delay 

5 would be substantially zero because of the symmetry of the phase information 
regarding the reflected light from the sample 76. The spatial filter 74 is used to 
break the azimuth symmetry and allow for extraction of the phase delay information. 

As used herein, a spatial filter is any filter that modifies a portion of the light 
in one region of the aperture relative spatially to light in another region thereof, 

10 whether the spatial filter is positioned in the analyzer arm or the polarizer arm of the 
imaging ellipsometer apparatus, e.g., blocking light in one region of the plane 72 of 
the exit pupil of the objective lens 70 relative to another region in the plane 72 of the 
exit pupil of the objective lens 70. Such modification may be performed in any 
number of ways. For example, light may be blocked in one region relative spatially 

1 5 to another region, the polarization state of light may be changed in one region 

relative spatially to another region, or any other spatial modification may be used. 

One illustrative spatial filter 160 is graphically illustrated in Figure 7. 
Spatial filter 160 is an aperture mask that blocks light in two opposite quadrants in 
the plane 72 of the exit pupil of the objective lens 70. As shown in Figure 7, spatial 

20 filter 160 includes light blocking portions 166, e.g., two opposite quadrants, and 
light passing portions 164, e.g., two opposite quadrants. 

When using the technique of blocking two opposite quadrants of the plane 
72 of the exit pupil of the objective lens 70 according to the present invention, the 
non-uniformity of the illumination source, e.g., a fiber illuminator, in transverse 

25 dimensions may cause calibration problems with respect to the analysis of 

polarization information, e.g., calibration problems. Such a configuration may be 
optimized by selection of a desired angle 165, and thus the size of the regions 
passing and blocking light 164, 166. For example, the angle 165 may be chosen to 
maximize the ratio between the intensity signals output from the detector 86 during 
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image capture at two different positions of the quarter wave plate, e.g., +A45 
degrees., in the analyzer arm 54 such that non-uniformity problems are reduced. For 
example, in one embodiment, the ratio of the signals is maximized by choosing an 
optimal aperture mask with the angle 165 being about 67°. 
5 Another embodiment of a spatial filter 1 70 is shown in Figure 8. Instead of 

blocking light in the two opposing quadrants in the plane 72 of the exit pupil of the 
objective lens 70, a patterned mask including half wave plates 172 at two opposite 
quadrants to modify the polarization state of the light passing therethrough and 
including two light passing portions 178, e.g., glass, at two opposite quadrants. The 
10 patterned mask is preferably designed such that the x-component of the light has an 
equal optical path in all four quadrants, while the y-component of the light has a half 
wavelength difference in optical path length between adjacent quadrants. 

One skilled in the art will recognize that an unlimited number of different 
types of spatial filters may be used according to the present invention. As such, any 
1 5 spatial filter modifying one portion of the light in the plane 72 of the exit pupil of 
the objective lens 70 relative to another region in the plane 72 may be used 
according to the present invention. For example, more complicated masks or 
patterned designs consisting of patterned wave plates combined with light blocking 
filters may be used to further optimize detection. 
20 With reflected light being collected by objective lens 70 and diverted by 

beam splitter 68 to analyzer arm 54, the analyzer arm 54 is used to capture images 
based on the intensity of the reflected light. The analyzer arm 54, which as shown in 
the embodiment of Figure 3, includes at least the quarter wave plate 80, the analyzer 
82, the lens 84, and the detector 86, preferably captures at least two polarization 
25 images at detector 86. For example, such images may be captured by rotating the 
quarter wave plate 80 to two different angular positions, e.g., ±45°, and capturing 
the images at such locations. Collection of more than two images allows for 
processing of such multiple images to attain higher resolution. 
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The analyzer 82 may include any polarization device for resolving the 
polarization state of the reflected light and providing such light for illumination of 
lens 84 which focuses the light representative of the image of the sample 76 on 
detector 86 positioned at the focal plane of the lens 84. Preferably, the polarizer 66 

5 of the illumination source 56 and the analyzer 82 of the analyzer arm 54 are 

matched, or in other words are at a crossed position, i.e., 90°, relative to each other. 

The detector 86 may include any light detection apparatus capable of 
detecting light intensity and providing polarization image signals therefrom based on 
such light intensity for processing by computer apparatus 90. Preferably, the 

10 detector 86 is a charge coupled device (CCD) array detector. Alternatively, the 
detector 86 could be a CMOS light detector. For example, the imaging may be 
performed with a high speed CCD camera with the adjustable imaging optics. With 
the use of a high speed frame grabber, rapid transfer of polarization images from the 
CCD detector 86 to the computer apparatus 90 may be accomplished with the 

15 computer apparatus 90 operable to process the polarization image data to calculate 
the final ellipsometry image. 

In one embodiment of the imaging ellipsometer apparatus of Figure 3, a 
polarization image is generated by preferably generating two polarization images, 
i.e., frames, at different angular positions of the quarter wave plate 80 of the 

20 analyzer arm 54. For example, by rotating the quarter wave plate 80 to ±45°, two 
polarization images can sequentially be captured by the CCD detector 86 and signals 
representative thereof are provided to the computer 90 for analysis thereby. 

The polarization images captured by the CCD detector, e.g., pixel 
information representative of polarization information based on the intensity of the 

25 reflected light received at the detector 86, is used by the computer to generate 
ellipsometry images regarding the sample 76. For example, the polarization 
information associated with the pixels of the detector may be used by a computer 
program running on computer 90 to correlate polarization information, e.g., light 
intensity, with thickness of films. 
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For example, in one embodiment, the polarization information, e.g., light 
intensity, detected for pixels of the image can be correlated to the film thickness (t) 
and/or index of refraction (n) with use of a look-up table in memory of computer 
apparatus 90. In other words, a computer program (e.g., a simulation program) may 

5 be used to generate light intensities (e.g., II and 12, where II and 12 are the 

intensities for different orientations of the quarter wave plate 80) for various indices 
and thickness. The results can be stored in a look-up table in computer memory of 
the computer apparatus 90. When the light intensity is measured for a sample 76, 
the computer apparatus 90 can be used to search the look-up table and do an 

10 interpolation and regression computation to find film thickness (t) and/or index of 
refraction (n) corresponding to the polarization information, e.g., light intensity, 
captured by the detector 86. From the polarization images captured by the CCD 
detector 86, ellipsometric high resolution maps of the sample 76 may be generated 
therefrom, e.g., thickness can be used as a z-axis component in the map for x-axis/y- 

1 5 axis pixel locations. 

In one preferred embodiment, two images are captured at two different 
quarter wave plate angles, e.g., ±45°. To provide for normalization of such 
polarization information, difference signals, e.g., the difference of the signals 
representative of the two polarization images at the two different quarter wave plate 

20 angles, and/or ratio signals, e.g., the ratio of the signals representative of the two 
polarization images at the two different quarter wave plate angles, are generated. 
The computer apparatus 90 uses the ratio and/or difference signal to search a look- 
up table generated to correlate film thickness (t) and/or index of refraction (n) with 
such ratio or difference signals. 

25 Computer apparatus 90 runs software that allows the user to control the 

imaging ellipsometer apparatus 50 by means of a graphical user interface (not 
shown) to the apparatus 50. For example, computer apparatus 90 may be interfaced 
to the apparatus 50 through a microcontroller, rotation of components of the 
apparatus 50 may be controlled thereby, real time calculation of information 
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regarding the sample may be generated from ellipsometry signals provided from the 
CCD detector 86, as well as other functionality may be provided for with use of the 
computer apparatus 90. For example, a software package such as commonly used 
Matlab or Labview may be used in the generation of images using the captured 

5 polarization information from CCD detector 86. 

One skilled in the art will recognize that any number of polarization images 
may be captured by the CCD detector 86 and analyzed by computer apparatus 90. 
For example, additional images corresponding to different rotation angles of the 
quarter wave plate 80 may be captured. Further, for example, analyzer 82 may be 

10 rotated with the capturing of additional polarization images by the CCD detector 86 
at various positions of the analyzer 82. Such capturing of additional images at 
different positions of the quarter wave plate 80 and/or the analyzer 82 may be used 
to improve signal to noise ratio and accuracy. 

Figure 4 shows an alternate imaging ellipsometer apparatus 100 which is 

15 substantially the same as that shown in Figure 3 except that the spatial filter is 

repositioned in the analyzer arm 54 of the imaging ellipsometer apparatus 100. As 
such, reference numerals from Figure 3 are used in the description of Figure 4 for 
equivalent components with any new or repositioned components being 
renumbered. 

20 As shown in Figure 4, spatial filter 104, used in accordance with the present 

invention as described with reference to Figure 3, may be placed at the conjugate 
plane 106 of the exit pupil of the objective lens 70. In addition to the spatial filter 
104 being repositioned in the analyzer arm 54, an additional lens 102 is used to 
provide proper focusing of the diverted reflected light prior to the light passing 

25 through spatial filter 104 and being focused onto detector 86 via second lens 108. 

Likewise, as shown in Figure 5, imaging ellipsometer apparatus 120 is 
substantially the same as that shown in Figure 3 except that the spatial filter is 
repositioned in the illumination source 56 of the imaging ellipsometer apparatus 
120. As such, reference numerals from Figure 3 are used in the description of 
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Figure 5 for equivalent components with any new or repositioned components being 
renumbered. The spatial filter 124 is positioned at the conjugate plane 126 of the 
exit pupil of objective lens 70. An additional lens 122 is positioned between pin 
hole opening 62 and the spatial filter 124 to provide proper focusing. 

5 Figure 6 shows an alternate imaging ellipsometer apparatus 140 which is 

substantially the same as that shown in Figure 3 except that the spatial filter 74 and 
the linear polarizer 66 are replaced with a polarization converter 142 to take 
advantage of the use of light with polarization states that are at ±45° with respect to 
the light's incident plane. As such, reference numerals from Figure 3 are used in the 

10 description of Figure 6 for equivalent components with any new or repositioned 
components being renumbered. Accordingly, imaging ellipsometer apparatus 140 
includes a polarization converter 142 in the illumination source 56 positioned 
between lens 64 and beam splitter 68 to illuminate objective lens 70 with light 
having polarization states that are at ±45° with respect to the incident plane thereof 

15 Likewise, a matched analyzer 144, i.e., crossed at 90° relative to the polarization 
converter 142, is used in the analyzer arm 54. Note that the polarization converter 
142 breaks the symmetry of the phase information of the reflected light performing 
the function of the spatial filter 74. 

One graphical illustration of an embodiment of a polarization converter 142 

20 is shown in Figure 9. The polarization converter 142 includes an aperture mask 143 
including polarization elements 146 in an annular region at the perimeter thereof 
The arrows in the polarization elements 146 indicate the transmission axis of the 
local polarization performed by the polarization converter 142. As shown, the 
polarization states of the light are at 45° relative to the incident plane 59 of the light 

25 in the imaging ellipsometer apparatus 1 40. The use of the polarization converter 
142 and the matching analyzer 144 provide enhanced signal to noise ratio. 

Various ways may be used to create such a polarization converter 142. For 
example, the converter 142 may be made by fabricating subwavelength defractive 
optical structures using microelectronic fabrication. In addition, a converter 142 
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may be formed by patterning a liquid crystal cell structure to produce the desired 
polarization rotation. 

Another technique of providing improved signal-to-noise ratio is also based 
on the observation that polarization states at ±45° with respect to the incident plane 

5 give rise to maximum polarization rotation. This technique using a particular spatial 
filter 180 is represented in Figure 10 and described with reference thereto in 
combination with Figure 3. As such, reference numerals from Figure 3 are used in 
the description of Figure 10 for equivalent components with any new or repositioned 
components being renumbered. 

10 Unlike the use of polarization conversion as described with reference to 

Figure 9, this particular technique uses the spatial filter 180 at the plane of the exit 
pupil of the objective lens 70. The spatial filter 180 includes an aperture mask 
arranged such that the polarization state of the light that passes through the light 
passing portions 1 82, 1 84 of the spatial filter 1 80 are aligned at 45° with respect to 

15 the incident plane 59 of the light. As shown in Figure 10, the aperture mask 

includes two polarization portions 182, 184 positioned in opposing relation to one 
another at the perimeter of the aperture mask. Generally, such portions 1 82, 1 84 
may take any number of shapes as long as suitable polarization is accomplished. As 
a result, the output signal from the imaging ellipsometer apparatus 50 is maximized. 

20 The aperture mask of the spatial filter 1 80 performs spatial frequency 

sampling. If only a single polarization image is used in this embodiment to produce 
an image of the sample 76, many spatial frequency components may be lost, leading 
to degradation of the resulting mapped image. However, by rotating the polarizer 
66, the spatial filter 180, and the analyzer 82, in a synchronous manner, a sequence 

25 of images can be detected and attained. Although these images may be low 

resolution polarization images, the polarization images may be summed in a suitably 
designed digital filter and used to reconstruct an image with higher resolution. Such 
reconstruction is performed by computer apparatus 90 and suitable software running 
thereon designed for performing such digital reconstruction. 

19 



To further attempt to eliminate problems of degradation of resolution in one 
or more of the previous embodiments of the imaging ellipsometer apparatus, 
particularly with regard to the embodiment described with reference to Figure 10, a 
spatial sampling technique can also be used to reduce such degradation. The spatial 

5 sampling technique, is at least partly shown in Figure 1 1 , and includes a special 

illumination system 190 used in an imaging ellipsometer apparatus described herein. 
The illumination system 190 illuminates only a thin line 200 on the film 78 of 
sample 76. Preferably, the width of the thin line is on the order of the resolution of 
the objective lens 70. The spatial filter 74 and the thin line are oriented in parallel to 

10 one another. In one embodiment, the illumination system 190 includes a thin 
filament bulb source 1 92 for providing light incident on a low numerical aperture 
lens 194. For example, the low numerical aperture lens 194 may have a numerical 
aperture in the range of less than 0.2. With such an illumination system 1 90 
providing light to the high numerical aperture objective lens 70, as shown in the 

15 imaging ellipsometer apparatus 50 of Figure 3, an image of the filament is projected 
onto the sample 78 by the objective lens 70 as line 200. In this way, the information 
from the illuminated thin line 200 on the sample 78 can be reflected and analyzed. 
Under control of the computer apparatus 90 and any other system components 
required, this illuminated line 200 may be swept across the sample 78 to achieve a 

20 diffraction limited image. 

One that is skilled in the art will recognize that with use of a multiple 
wavelength source and suitable analysis tools, spectroscopic ellipsometry may be 
performed using the concepts as described above. 

Further, in accordance with the present invention, by imaging a large area at 

25 one time with high resolution, the imaging ellipsometer apparatus 50 is much faster 
than a point-by-point scan of the sample with a conventional ellipsometer. It can 
follow dynamic phenomena in real-time. However, in many circumstances, it may 
be required to provide even higher resolution and information with regard to a much 
smaller area, e.g., a spot, of the sample 76. As such, a spot ellipsometer apparatus as 
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described in copending U.S. Patent Application Serial No. , 

entitled "Ellipsometer Using Radial Symmetry," may be used to provide such 
information. This co-pending application is hereby incorporated in its entirety by 
reference hereto. It will be recognized that various components of the imaging 
ellipsometry apparatus as described herein may be used in a spot ellipsometer 
apparatus as described in the co-pending application. For example, the same 
objective lens may be used commonly by both the imaging ellipsometer apparatus 
according to the present invention and the ellipsometer for providing information 
with regard to a spot, as described in the co-pending application entitled 
"Ellipsometer Using Radial Symmetry." For example, modular components may be 
replaced in the apparatus depending upon which ellipsometer is being required. 
Further, other common components may exist such that they can be used in a 
modular manner between the two apparatus. 

All patents and references disclosed herein are incorporated by reference in 
their entirety, as if individually incorporated. Further, although the present 
invention has been described with particular reference to various embodiments 
thereof, variations and modifications of the present invention can be made within 
the contemplated scope of the following claims, as is readily known to one skilled in 
the art. 
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